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To detect and process multiple environmental cues cells use signal transduction
pathways built up of similar components. A tight spatial and temporal regulation of
protein expression and activation is therefore essential to obtain the proper response.
Signaling molecules l ike cAMP, cGMP, inositol phosphates and phosphoinositides
play a crucial role, as they activate and sometimes locahze these proteins, thereby
transducing the signal  inside the cel l .  The levels of  inosi to l  phosphates and
phosphoinosi t ides are regulated by a large number of  enzymes. including
phospholipases, kinases and phosphatases. One of the phosphoinositides receiving
much attention is PI(3,4,5)Pr. This membrane bound signaling rnolecule is produced
by the action of PI3-kinases on PI(4,5)P2 and degraded by 3-phosphatases and 5-
phosplratases. In the eukaryote Dictyostelium discoideurz, phosphoinositides are
involved in numerous processes. PI(3,4,5)Pr accumulates selectively at the endocytic
cup and at the leading edge of a chemotactic cell and ftrnctions by binding to PH
domains present in many proteins. The central theme of this thesis is the function of
phosphoinositides and in particular PI(3,4,5)P3 during endocytosis and chemotaxis in
D. disc'oidettm and the enzymes that regulate phosphoinositides levels.
Inositol S-phosphatases in D. discoideum
Inositol 5-phosphatases are enzymes that dephosphorylate inositol phosphates and
phosphoinositides at the 5-position and are a good candidate for regulating PI(3,4,5)P3
levels. We have identif ied four inositol 5-phosphatases. Dd5P1-4, using either
degenerate primers or by screening the D. discoídeum genomic databases with motifs
conserved among other 5-phosphatases. The four inositol 5-phosphatases show a high
diversity in domain composition (chapter 2). Dd5P1 shows the least complex
composition, containing only the catalytic 5-phosphatase domain. The catalytic
domain shows the highest BLAST score with SHIP2. The homology does not expand
to the N-terminal part of the protein, as the SH2 domain present in SHIP2 is absent in
Dd5Pl. Dd5P2 contains a RCCl-l ike domain in front of the catalytic domain, a
donrain composition not observed in other organisms. Dd5P3 and Dd5P4 are
homologues of mammalian inositol 5-phosphatases. Dd5P3 contains a N-terminal
Sacl domain, l ike the mammalian Synaptojanins, whereas Dd5P4 contains a C-
terminal RhoGAP domain, like mammalian INPP5s and OCRL.
Northern blot analysis revealed low expression levels for all four genes.
Transcription levels of ddïpl and ddïp3 were not altered during development of D.
discoideuz. However, transcription levels of dd5p2 were raised during late
aggregation and transcription levels of dd5p4 were decreased uring aggregation. The
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catalyt ic domains of both Dd5P2 and Dd5P4 degrade PI(3,4,5)Pt in vitro (chapter 2).
A straightforward way to determine the function of a protein is inactivation of the
corresponding gene by homologous recombination. Inactivation of either dd5pl,
dd5p2, dd5p3 or double gene inactivation of dd5plldd5p2, dd5plldd5p3 or
dd5p2ldd5p3 did not affect growth or development of D. discoideum (chapter 2). This
suggests a redundant function for Dd5P1, Dd5P2 and Dd5P3. Chemotaxis toward
cAMP was unaffected or slightly improved for thesc single and double knock-out cell
l ines. Inactivation of dd5p4 did not affect chemotaxis, but signif icantly inhibited
growth and phagocytosis (chapter 2 and 4). As transcript ion of Dd5P2 increases
during aggregation, the catalyt ic domain of Dd5P2 degrades PI(3,4,5)P3 relat ively
well and inactivation of dd5p2 affects chemotaxis, we focused on Dd5P2 with respect
to  chemotax is .  Because of  the s t rong phenotype of  dd5p4 nu l l  ce l ls ,  showing
drastical ly reduced growth on axenic medium and inhibited growth on bacteria, we
also studied these dd5p4 nul l  cel ls and the role of PI(3,4,5)P.r in endocytosis in more
detai l .
Function of PI(3,4,5)Pr in chemotaxis
To understand the effect of inactivation inositol 5-phosphatases on chemotaxis, i t  is
essential to better understand the function of PI(3,4,5)Pr. Several excitat ion/inhibit ion
modcls for chemotaxis have been proposed to explain the conversion of a shal low
gradient of chemoattractant to act ivation at the front of the cel l .  These models al l
u t i l i ze  i n  some  way  a  l oca l  ac t i va to r  and  a  g loba l  i nh ib i t o r  ( 9 ,  11 ,  12 ,  l 5 -17 ) .
However, the primary intracel lular act ivator has not been ful ly identi f ied. I t  has been
shown in D. disc'oideum that the N-tenninal segment of PI3K exprcssed in pi3kl/2-
nu l l  cc l ls  t rans locates to  the lead ing edgc,  suggest ing that  s igna l ing molecu les
upst rcam of  PI3K are a l ready h igh ly  loca l ized (8) .  Us ing the PI3-k inase inh ib i tor
LY294002 we showed that upon uniform stimulation, actin polymerization is induced
v ia  a  cAMP dependent ,  but  PI (3 ,4 ,5)P3 independent ,  pathway (chapter  3) .  Th is
impl icates that  act in  po lyrner izat ion docs not  s t rongly  depend on PI (3 ,4 ,5)Pj
production induced by uniformly presented cAMP. Stimulat ion of cel ls with cAMP
induces a second F-actin response that peaks at about 120 seconds after st irnulat icln.
This response is much weaker than the first response and is often not observed. This
second response is inhibitedby LY294002 (2), suggesting that cAMP-induced actin
polymerization can be both Pl(3,4,5)Pr-dependent and PI(3,4,5)P3-independent. We
proposcd that PI(3,4,5)Pr is a tr igger for act in polymerization, but is not essential.
This way, act in polymerization wil l  preferably occur at the posit ion of a PI(3,4,5)P:
patch, but occurs anyway in the absence of PI(3,4,5)Pr. As the PI(3,4,5)P3 patch is
confined to the leading edge, i t  would strongly local ize actin polymerization to the
front of the cel l  at the cost of act in polymerization at the sides and back of the cel l .
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Sumrnarv and discussion
Localization could be accomplished by binding and thereby redistribution of a PH-
domain containing protein that regulates actin polyrnerization and/or nucleation. In
the presence of  LY294002, cel ls perfomr ef f ic ient  chemotaxis at  micromolar
-]concentrations f cAMP, but are inefficient at lower concentrations. Either the
iresidual Pl3-kinase activity is enough to produce a PI(3,4,5)P3 patch at the leading
redge only in the presence of high cAMP concentrations or only at high cAMP
iconcentrations PI(3,4,5)Pr is not essential for chemotaxis. Cells subjected to a strong
land steep gradient of cAMP by using a micropipette as cAMP source show a PHcrac-
GFP patch at their leading edge. Interestingly, preliminary data show that in more
shallow gradients cells still chemotax efficiently, but often do not have a PHcrac-GFP
patch at the leading edge, even if they are not treated with LY294002 (unpublished
observations). This strongly supports the idea that PI(3,4,5)P3 patches at the leading
edge are not essential for chemotaxis.
In neutrophils, chemoattractant-induced stimulation of Rho GTPase family
members has an essent ia l  ro le in cel lu lar  polar izat ion (v ia Cdc42) and F-act in
format ion (v ia Racl)  (18,  22,23).  Srnal l  GTP-binding proteins are posi t ively and
negatively regulated by guanine exchange factors (GEF) and GTPase-activating
proteins (GAP), respectively (1). lt is conceivable that the interplay between GEFs
and GAPs causes a local accumulation of active small GTP-binding proteins at the
future front of the cell, which induces actin polymerization and pseudopod formation.
A similar signal transduction cascade with a putative small GTP-binding protein l ias
been proposed for D. discoideum.
The sr,rppression f pseudopodia t the back of the cell is very important for
efficient chemotaxis, and this appears to be mcdiated by myosin Íl laments in the
coftex at the back of the cell (6,20,23). Previous work in D. discoideum suggests that
intracellular cGMP is a good candidate to be the rnessenger that induces myosirr
f i lament Íbrrnation and suppression of lateral pseudopodia (la). Cclls that exhibit ing
very high cGMP levels, also show increased levels of rnyosin fi larnents in the cortex
and suppression of lateral pseudopodia. Cells without guanylyl cyclases or without the
cGMP targets GbpC and GbpD show very poor chernotaxis (1).As a small residual
myosin response remains detectable in guanylyl cyclase null cells, cGMP may not be
the only mediator of myosin fi lament formation (1). PI3K mediated activation of
PAKa may be responsible for this residr-ral rnyosin response (3, 4).In D. disc'oideunt,
chemoattractant-indtrced GMP formation is tightly regulated by adaptation, such that
only increments of the chemoattractant concentration wil l lead to elevated cGMP
levels (21). These temporal properlies of cGMP formation could be very important for
chemotaxis. As long as cells move up the gradient, cGMP levels are elevated, leading
to inhibi t ion of  pseudopodia t  the back of  the cel l .  When the chemoattractant
concentration no longer changes with time, or when the gradient reverses, cGMP
levels decl ine,  and soon the back of  the cel l  regains the abi l i ty  to form ncw
107
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pseudopodia. I t  is unl ikely that cGMP can form spatial gradients inside cel ls, because
a cGMP molecule may difÍuse on average five cell lengths before it is degraded. What
prevents the formation of myosin filaments at the front, if cGMP cannot form a
gradient in the cel l? Recent studies show that rnyosin heavy chain kinase A (MHCK-
A) translocates to the leading edge (13, l9). I t  is known that phosphorylated myosin is
bent and does not form filaments (5), suggesting that at the leading edge, myosin
filaments will fall apart.It appears that temporal and spatial mechanisms collaborate:
cGMP induces myosin filaments globally as long as the chemoattractant concentration
increases with t ime, whereas f i laments dissociate at the front of t l ie cel l  due to the
local act ivi ty of MHCK-A. tn this way, myosin f i larnents become restr icted to the
back of the cell, where they retract the uropod and suppress lateral pseudopodia.
In conclusion, our present knowledge suggests that gradient sensing during
chernotaxis does not depend on a single molecular mechanisrn that tel ls cel ls where to
go, but consists of several modules of interconnected signal ing networks (f igure 1).
Efficient chemotaxis is the result of a refined interplay between these modules to
transmit and integrate spatial (e.g. PI(3,4,5)Pr) and temporal information (e.g. cGMP).
Function of inositol 5-phosphatases in chemotaxis
Inact ivat ion of  the PI(3,4,5)P3 degrading Dd5P2 sl ight ly enhances chemotaxis.
However, the in uiuo response of PI(3,4,5)P3 upon stimulation with cAMP is not
al tered signi f icant ly,  indicat ing that the contr ibut ion of  Dd5P2 to PI(3,4,5)Pr
degradation is less than 10oÁ of total phosphatase activity. About two years ago the
ident i f icat ion of  a 3-phosphatase, PTEN, was publ ished (8,  l0) .  The transient
PI(3,4,5)P3 accumulation induced by unifonn stimulation with cAMP is increased and
prolonged. Eventually, the PI(3,4,5)P: produced upon stimulation is degraded, most
likely by inositol 5-phosphatase activit ies. The kinetics of PI(3,4,5)P3 degradation in
pten null and wild type cells indicate that in wild type cells 83% of PI(3,4,5)Pr
degradation is performed by PTEN and l7% by the sum of the other phosphatases.
The strong conf inement of  PI(3,4,5)P3 accumulat ion to the leading edge of
chemotactrc D. discoideum cells is the result of localization of the PI3-kinases at the
front and PTEN to the back of the cell. As PTEN is excluded from the leading edge in
chemotactic ells, the actual contribution of 5-phosphatases at the leading edge could
well be higher than lloÁ. As the major Pl(3,4,5)P3 degrading enzyme is absent in
pten-null cells, PI(3,4,5)P: production is much more easily triggered and less confined
to the front. The result is a broad leading edge and severely affected chemotaxis. The
inhibitory pathway for PI(3,4,5)P: production is most likely slightly reduced in dd5p2
null cells, probably not leading to higher PI(3,4,5)P3 levels, but more easily triggered
responses. The spatial information transduced by Pl3-kinases and PTEN is not lost in
this cell l ine and chemotaxis efficiency is only positively affected by the increased
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Figure 1: Modules in chemotaxis. The f irst module provides the fonnation of act ive small  G
proteins of the Rho/Rac group, leading to actin polymerization and a small pseudopod at the
front of the cell. It is proposed that the differential spatial activation of stirnulatory guanine
exchange factors (GEFs) and inhibitory GTPase-activating proteins (GAps) leads to the
accumulation of GTP-bound G protein at the higher chemoattractant concentrat ions. The
polari ty induced by the f irst module is used by the second module to tr igger a patch of
phosphatidyl inositol-3,4,5-tr isphosphate (pl(3,4,5)pr) at the leading edge, which enhances
actin polymerization and extension of the pseudopod. The third module inhibits the formation
of pseudopodia in the back and at the sides of the cell, and induces retraction of the uropod.
An increase in cGMP concentration leads to myosin filament fbnnation throughout he cortex,
while myosin becomes phosphorylated and is depolymerized in the front of the cel l  by a
specif ic kinase (myosin heavy-chain kinase A (MHCK-A)) rhat translocates to the leading
edge' Other pathways (PAKa in D. discoideum and Rho in neutrophils) might also contribute
to myosin Í l lament formation.
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The fate of PI(3,4,5)P: patches
In search for the role of PI(3,4,5)Pr snd inositol 5-phosphatases in chemotaxis. we
encountered several indications that phosphoinositides play an itnportant role during
endocytosis. In vegetative D. discoideum cells, PHcrac-GFP, and therefore probably
PI(3,4,5)P3, localizes at both pinocytic and phagocytic ups. Furthermore, on several
occasions we observed an increase in the number of PHcrac-GFP labeled pinocytic
cups and cell-cell contacts upon stimulation with chemoattractant (unpublished
observations). These data show that a PI(3,4,5)P: patch can be used to init iate several
processes, including formation of pseudopodia nd endocytic cups. The actual process
that is stirnulated, pseudopod or endocytic cup, rnost likely depends on the condition
of the cell and the activity of proteins specific for that process. As discussed in
chapter I , chemotaxis, pinocytosis, and phagocytosis hare a large number of identical
components. Apparently, PI(3,4,5)Pr is one of these shared components. External
cues as well as the development of the cell will determine the activity of proteins that
mediated these processes and thereby determine the fate of a patch. In vegetative
cells, pinocytosis is the main occurring event, whereas phagocytosis occurs only in
the presence of an external cue, the particle. Upon development, other processes tart
to enter into the competit ion. Chemoattractant s irnulation induces the formation of
pseudopods at the site of a PHcrac-GFP patch. However, developed cells also show a
patch at the region where cells contact each other. As chemotaxis, pinocytosis and
phagocytosis apparently depend on signal transduction pathways induced by
PI(3,4.5)P3 one would expect that inhibit ing one process could favor the others. In
fact, inactivation or overexpression of several proteins (e.g. RasC and Profilin) has the
opposite eÍfect on pinocytosis and phagocytosis. It has been hypothesized that these
proteins are specific for one of the both processes and that inactivation of one process
stimulates the other process by increasing the number of available proteins.
Function of PI(3,4,5)P: and inositol 5-phosphatases in endocytosis
The fact that PHcrac-GFP patches are located at the pinocytic and phagocytic cup
suggests that PI(3,4,5)P3 regulates cup formation. Inactivation of PI3-kinases does
indeed affect pinocytosis and inactivation of PTEN inhibits growth on both l iquid
medium and bacteria. We showed that inactivation of the inositol 5-phosphatase gene
dd5p4 reduces growth rate and inhibits phagocytosis (chapter 2 and 4). The endocytic
defects are restored by transfection of dd5p4 nulls with a catalytically active. but not
with a catalytic inactive Dd5P4 mutant (chapter 4). As the catalytic domain of Dd5P4
degrades PI(3,4,5)P3 in vitro (chapter 2), one could expect that aberrant PI(3,4,5)P3
levels or localization causes the defects. We showed that PHcrac-GFP localization did
not drastically change in dd5p4 nsll cells, compared to wild type cells. suggesting
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Summary and discussion
minor differences in PI(3,4,5)P3 rnetabolism (chapter 4). However, pHcrac-GFp canbind both PI(3,4)P2 and PI(3,4 ,5)Pz in vitro. Part of the role of Dd5p4 could be
explained by its capabil ity to convert pl(3,4,5)pr to pl(3,4)p:. The total amount ofPl(3,4)P2lPI(3,4,5)P3 might not be affected by inactivatiou of ctd5p4,even if Dd5p4does degrade PI(3,4 ,5)p3 in v ivo.  r f  pr(3,4)p2 and pr(3,4,5)p3 have dist incr rolesduring endocytosis and continuation of the process depends on the conversion toPI(3'4)P2, this would explain the phenotype of dd5p4 null cells. Identif ication of pHdomains that are specific for either pl(3,4,5)p3 or pl(3,4)p2 would simplify theinterpretation of results obtained by confocal imaging and either affirm or disaffirm
our curïent model.
Expression of  a t runcated Dd5P4, containing the catalyt ic 5-phosphatase domain but not the c-terminal RhoGAp domain showed that theRhoGAP is essential as well for complementation of dct5p4 null cells. we exprcssed
the human homologue, ocRL, in cíd5p4 null cells and showed that it largely restores
all growth defects (chapter 4). Apparently, the in vivo substrate specificities of Dd5p4
and ocRL are similar enough to complement dd5p4 null cells and oCRL bind to aRho-like protein in D. discoideum.
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